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(54) Fiberoptic interferornetric sensor 

(57) An optical fiber interferornetric system includes 
a pair of single-mode, polarization-preserving fibers hav- 
ing distal and proximal ends. The cladding of a selected 
portion of one of the fibers having been removed to allow 
an evanescent portion of a light wave traveling within the 
fiber to interact with any medium surrounding the 
selected portion of the f iber. A light source for producing 
a light of known character is coupled to the proximal ends 
of the pair of optical fibers for introducing a source signal 
to the pair of fibers. A reflector at the distal ends of the 



optical fibers reflects the light from the distal ends back 
toward the light source. The return signals are used to 
construct an interferogram which is observed to detect 
any modulation in the the phase of the light signals. The 
modulation is examined ratiometrically to derive a 
change in the index of refraction of the medium surround- 
ing the selected portion substantially free of any environ- 
mentally induced phase noise. 
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Description 

The present invention relates to a fiberoptic sensor 
system for biomedical and other uses. More particularly, 
the present invention relates to a fiberoptic sensing sys- 5 
tern which utilizes a comparison of phase of one light 
beam relative to another, with one of the beams being 
sensitive to an analyte, and the other beam being used 
as a reference. The phase comparison is accomplished 
by an interference technique. 

In conventional fiberoptic sensing systems, light at 
one or more wave lengths is transmitted from an optoe- 
lectronic base unit to a distal sensing element through a 
fiberoptic light guide. The distal sensing element is situ- 
ated within an environment to be analyzed. The sensing 
element modulates incoming light in known proportion 
to the presence of one or more analytes that are situated 
within the environment. The modulated light is then 
returned to the base unit through the same input fiberop- 
tic ffoer, or, through one or more alternative fibers. The 
level of the analyte or analytes may be inferred by quan- 
titative assessment of the optical intensity returned from 
the sensor to the base unit with respect to the optical 
intensity transmitted to the sensor. Systems employing 
quantitative optical intensity assessment are herein 
referred to as intensity modulated sensing systems. 

In one prior art intensity modulated sensing system, 
the sensing element consists of a reactive chemistry that 
is disposed substantially entirely within a hole formed 
inside a distal end of a muttimode optical fiber itself. Light 
at one or more wavelengths is transmitted from the prox- 
imal end of the fiber to the perforated distal end where 
the light interacts with the reactive chemistry which can 
be composed of a fluorescent or optically attenuative 
material. The magnitude of the fluorescent emission, or 
the extent of the optical attenuation by the attenuative 
material, is generally proportional to the concentration of 
a particular analyte that is in contact with the distal end 
of the fiber, The fluorescent intensity, or the degree of 
optical attenuation, can be measured by instruments 
located at the proximal end of the fiber. 

One problem associated with conventional intensity 
modulated sensing systems of this type is that the modr 
ulation of the light can be affected by factors other than 
the concentration of the analyte. If the multimode optical 
fiber is flexed during transduction, some of the light trans- 
mitted to the sensor may be lost by conversion of guided 
modes within the f foer to radiation modes. Additionally, 
some of the light returning from the sensor may be lost 
by the same mechanism. This loss of light may be incor- 
rectly interpreted as a change in analyte concentration 
because a correlation is being made between the level 
of the analyte and the degree of light modulation. In feet, 
all factors affecting the absolute magnitude of the optical 
energy travelling within the fiber may be incorrectly inter- 
preted by the system as changes in analyte. concentra-, 
tion. These factors 1 include, but are hot . limited . to, 
variations in illumination intensity, changes in transmis- 
sion at fiber connection points, and intrinsic:changes 



within the sensor such as optical bleaching of the illumi- 
nated material. 

Another problem associated with some intensity 
modulated sensing systems is the very low overall oper- 
ating efficiency, often less than 10" 10 . This extremely low 
operating efficiency puts severe constraints on the sys- 
tems. In order to maintain an adequaite signal-to-noise 
ratio under these adverse conditions, high intensity illu- 
mination (e.g. laser or arc lamp) and high efficiency 
detectors (e.g. photorrtuttiplier tubes) must be used. 
Complex and expensive wavelength selection devices 
are often required in order to optimally match the illumi- 
nation to the sensing material. Because of the spectral 
energy and efficiency characteristics required of source 
and detector, attempts to convert conventional intensity 
modulated sensing system components to solid state 
optical devices have not been particularly successful in ' 
the biomedical sensing arena 

Some of the problems associated with some inten- 
sity modulated sensing systems can be overcome by 
employing a single-mode polarization-preserving 
fiberoptic waveguide to form an interferometric sensor 
system such as is shown in U.S. Patent 4,697,876. In 
such a system, light from a coherent source such as a 
laser is directed through a beam splitter which sends half 
of the light into a reference fiber and the other half into a 
sensor f foer. The sensor fiber is coupled to the environ- 
ment sought to be measured so that the phase of the 
light is modulated by an environmental signal. The light 
in both fibers is then recombined by a second beam split- 
ter and fed to, a photodetector responsive only to the 
amplitude of the combined: signal. The system is 
adjusted to generate a sharp null with any change in 
environmental condition being reflected in a non-null sig- 
nal. While such a system enjoys significantly enhanced 
sensitivity to environmental signals over intensity modu- 
lated sensing systems, the system as a whole exhibits 
other problems due to the Mach-Zehnder configuration 
of the system such as the need for optical detectors sit- 
uated at the distal ends of the f foers; and the need for 
very complex signal processing algorithms to provide the 
desired quantification of the: non-null signals. 

It is therefore one object of the present invention to 
provide a ffoeroptic sensing system which does not refy 
on intensity modulation to determine the concentration 
of one or more analytes. 

Another object of the present invention is to provide 
a fiberoptic sensing system which is insensitive to envi- 
ronmental and other noise sources. 

Yet another object of the present invention is to pro- 
vide a fiberoptic sensing system that has an efficiency 
level substantially greater than conventional fiberoptic 
sensing systems. 

Still another object of the present invention is to pro- 
vide a fiberoptic sensing system that employs very sim- 
ple signal processing algorithms to quantify the 
measured changes. ' 

According to the present invention, an apparatus is 
provided for detecting a change in concentration of one 



' 15 



20 



25 



30 



35 



40 



45 



■ SO 



.55 



JSDOCID: <EP 072208 1A2 J _> 



EP 0 722 081 A2 



or more species or analytes in a fluid medium. The appa- 
ratus includes a first and second singlemode optical 
fiber, with at least the first optical fiber having a sensing 
portion allowing a phase modulation of a guided light 
wave travelling within the f toer by the medium surround- 5 
ing the sensing portion via the evanescent component 
of the wave. The apparatus also includes means for intro- 
ducing a light of known character into both the first and 
second optical fibers. Additionally, means for optically 
mixing light emitted from the first and second optical fib- 10 
ers is provided so as to develop a fringe pattern which is 
characteristic of the mutual phase between the light in 
the two optical fibers. Means for observing the fringe pat- 
tern are provided so that reproducible characteristic 
changes in the pattern may be related to changes in ana- 15 
lyte concentration. While the focus of the present inyen- . 
tion is principally on in vivo detection and measurement 
of the concentration of one or more species or analytes, > 
the apparatus can also be used to detect physical effects 
such as pressure, temperature, and strain, and, the 2 o 
intended use of the apparatus should not be viewed as ; 
a limitation on the scope of the present invention. , 

Unlike conventional intensity modulated sensing 
systems, a fiberoptic sensing system of the present 
invention does not rely upon amplitude modulation of the 25 
light wave in the optical fiber, whether by an analyte or 
by any. intermediate reactive chemistry. Instead.: the, 
present invention measures the analyte concentration by 
comparing the phase of two well -characterized light 
beams relative to each other. The optical fiber carrying 30 
one of the light beams is sensitive to the analyte as well 
as to noise sources, while the optical fiber carrying the 
other light beam is; sensitive oniy to the noise sources. 
The level of the analyte can be inferred by optically super- . 
posing the two light beams to derive an interference pat- 35 
tern dependent only on analyte concentration. The noise 
contribution appears as a common mode signal in both - 
light beams and does not affect the interference pattern. " . 

The phase comparison is accomplished by directing < ' ; 
the interference pattern onto adetector,; or array of detec- 4a 
tors, and the relative spatial position of;1he fringes cor- , 
related to the phase between the-mixed beams; with the ; 
phase providing an indication of the analyte level: By 
phase-modulating the guided wave ^.through-interaction 
with the evanescent component of the wave, optical 45 
attenuation may be reduced to arbitrarily low levels; By 
utilizing phase rather than intensity measurement; the 
measurement of analyte I evel is rendered insensitive to 
energy loss due to fiber bending and other.intensity mod- . 

Ulating effects, , . /v;, : v .> l \-..[?^ ■■; ;i; ■■■< 50 

The overall efficiency of the ^tern according to the 
present invention is sufficiently high to< permit Jnexpen- 
sive and reliable solid state components to ,bje used 
throughout. The, interference method provldessensitivfty 
at levels; approaching the limits of known technology. 1 
This eliminates the need for .high rxwePiillumjnaticn;of e - \ - 
the sensor. The measurement method is wavelength - ; ; 
insensitive, at least to fin5t : prder ; so long ;as the f ?wave- 
length selected is not closeto an absorption peakof the 
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analyte, thus allowing infrared laser diodes to be utilized 
as sources and germanium- or silicon-based photo sen- 
sors to be utilized as detectors. Because these types of 
solid state components are widely used in various indus- 
tries including the telecommunications industry, the low 
cost and ready availability of these elements makes them 
highly desirable for use in systems of the present inven- 
tion. 

In interferometers such as are used in the present 
invention, the phase of the light beam in the sensing fiber 
will be changed whenever the optical path length of that 
ftoer is changed. It will be understood that optical path 
length is the product of refractive index and physical path 
length. A change in either refractive index or physical 
path length creates a change in the optical path length. 
An interferometric sensor must therefore be capable of 
optical path length modulation as a function of analyte 
level. This optical path length modulation can be accom- 
plished by a sensor which is sensitive to physical exten- 
sion of one of the f toer arms to change the physical path 
length; Generally, such physical extension is achieved by 
changes in pressure, temperature; eta The preferred 
sensor, however, is one in which the change in optical 
path length is due to a change in refractive index of an 
external medium. 

One feature of systems of the present invention is 
that the first optical f toer includes a sensing portion which 
allows an evanescent portion of the guided wave travel- 
ling within the first fiber to interact with any medium sur- 
rounding this sensing portion. The evanescent 
component of the light wave will experience a velocity 
change with any change in the index of refraction of the 
medium surrounding the sensing portion. This velocity 
change is necessarily expressed as a change of phase 
of the guided light wave as a whole, relative to the undis^ 
turbed beam travelling in the second fiber. Since 
changes in analyte concentration are normally accom- 
panied by refractive index changes over some linear 
range, the system is therefore rendered sensitive to the 
level of analyte present in the surrounding medium. 

One advantage of this feature is that, by exposing 
only the evanescent portion of the guided light wave to 
the surrounding medium, the fight beam remains trapped 
within the confined core geometry of the fiber and does 
not tend to spread into the medium as is the case with 
conventional end-fire geometries. 

Another advantage of this feature is that the limited 
penetration depth of the evanescent wave into the sur- 
rounding medium reduces the optical attenuation which 
is associated with the passage of light through any 
medium, thus permitting a lower-power initial illumina- 
tion. - - . , , . ;r ; . 

Yet another advantage of this feature is that- the: ■ 
decreased energy flux; and shallow penetration depth -i: 
cause less optically-induced degradation of the sur- ; 
rounding •medium, ; an effect commonly ascribed to the 
formation of free-radicals during the process of fluores- 
cence and commonly called photobleaching; The reduce, 
tion of this photobleaching coefficient allows the use of 
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low-concentration indicator species and extends useful 
lifetime of the sensor chemistry. 

A major advantage of the invention is that analyte 
chemistries exhibiting absorbance changes rather than 
fluorescence changes can also be used, since absorb- s 
ance changes cause changes in refractive index. 
Absorbant chemistries are much more prevalent than are 
fluorescent chemistries and are thus more easily incor- 
porated into system designs. Further, at wavelengths 
associated with absorbance peaks in the spectrum, the 10 
refractive index can change violently with small changes 
in chemistry in the anomalous dispersion region. 

Another feature of systems of the present invention 
is that means is provided for introducing light of known 
character into both singlemode fibers, principally by is 
deriving each beam from the same coherent source, e.g. 
a laser. One advantage of this feature is that any change 
in phase cannot be due to a fluctuation of the light 
sources and must be due to a change in the medium surr 
rounding the sensing portion which can be related to a- : 20 
change in analyte concentration. v 

In preferred embodiments of the present invention^ 
at least a first optical fiber contains an elliptical core and 
a rotationally asymmetric cladding. One feature of the 
foregoing structure is that, by providing an elliptical core, 25 
polarization of the guided wave within the fiber is pre- 
served. An additional feature of the foregoing structure 
is that by providing a rotationally asymmetric cladding, 
the cladding can be gradually removed in a symmetric 
manner which will expose one side of the core while still 30 
maintaining a portion of the cladding around the remain- : 
der of the core to retain the necessary structural integrity 
of the fiber. 

Also according to the present invention, a method of 
detecting a change in concentration of an analyte in a 35 
fluid medium is provided. The method includes the steps 

Of: -iV: . 

submerging a portion of an optical fiber in a fluid 
medium;, 

introducing a light of known character into the 40 
optical fiber; and 

observing the phase of the light in the optical ffoer 
so as to detect a change in phase due to a change in 
analyte concentration in a fluid medium. 

Thus, the present invention provides an apparatus 45 
and method for determining the concentration of an ana- 
lyte byutilizing a ffceroptic sensing system which relies . 
upon phase comparison to determine the concentration 
of the analyte. The system utilizes the evanescent wave 
portion of the guided wave to permit the guided wave to - so 
be sensitive to refractive index changes in the external 
medium. The evanescent wave thus interacts with the 
medium to produce a guided wave phase difference 
which is analyzed to determine the analyte concentra- 
tion. ' : % ~: : 55 

Additional objects, features, and advantages of the 
invention will become apparent to those skilled in. the art 
upon consideration of the following detailed description , 
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of preferred embodiments exemplifying the best mode of 
carrying out the invention as presently perceived. 

FIG. 1 is a diagrammatic view of a f toeroptic inter- 
ferometric sensor according to the present invention. 

FIG. 2 is a much enlarged view of an etched optical 
f toer with a light wave diagrammatically shown in relation 
thereto. 

FIG. 3 is a detailed view of the etched portion of the 
fiber shown in FIG. 2. 

FIG. 4 is a sectional view of one embodiment for a 
sensor for use in the present invention. 

FIG. 5a is a perspective view of an optical fiber pre- 
ferred for use in the present invention with the thick pol- 
ymeric buffer or protective coat not shown. 

FIG. 5b isaperspectiveviewof an etching technique 
which can be used to modify the optical fiber shown in 
FIG. 5a. 

FIG. 5c is a perspective view of the fiber shown in 
FIG. 5a following an etching process. 

FIG. 6 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor according to the present invention 
employing multiple wavelengths; 

FIG. 7 is a much enlarged view of an, etched optical 
fiber with two light waves diagrammatically shown in rela- 
tion thereto. 

FIG. 8 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor according to the present invention 
employing multiple wavelengths. 

FIG. 9 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor according to the present invention 
employing apparatus for optical isolation of the source. 

FIG. 10 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor according to the present invention 
employing another apparatus for optical isolation of the 
source. ; '•• 

FIG: 1 1 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor according to the present invention 
employing yet another ; apparatus for optical isolation of 
the source. i 

FIG. 1 2a is a diagrammatic view of a fiberoptic sys- 
tem for developing an interference field from which the 
direction of phase change can be determined. 

FIG: 12b is a diagrammatic view of a fiberoptic sys- 
tem for developing anotherjnterference field from which 
the direction of phase change can be determined. 

FIG. 1 3 is a diagrammatic view of a fiberoptic inter- 
ferometric sensor^ according to the present invention 
employing both Mach-Zehnder and Michelson interfero- 
metric signals to evaluate both the source and the ana- 
lyte.o, \ '-■ ' < : : ^ ■■ . 

FIG. 1 illustrates diagrammatically a basic fiberoptic 
interferometric sensor system ,1 0 in accordance with the 
present invention. Thesystem 1 0 is based upon the prin- 
ciples of a Michelson^type interferometer. The system 1 0 
includes a laser diode source 12 which, in the preferred 
embodiment, can be a solid state infrared Jaser diode. 
Such infrared laser diodes are commonly available in the 
telecommunications industry, and several are adaptable 
for use with the present system 10; Such infrared laser 
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diodes generally exhibit a high efficiency, low power 
requirement long life, some wavelength tunability, opti- 
cal coherence, intrinsic polarization, high brightness, 
compact footprint and low cost. 

A single-mode optical fiber 16 is provided which s 
receives the output of the laser diode source 12. This 
source optical fiber 16 is connected to a commercially 
available fiberoptic coupler 20 which, as will be under- 
stood by those skilled in the art, distributes the input 
beam into two or more output fibers. The coupler 20 pre- 10 
serves the phase and frequency information of the input 
beam, but at reduced amplitude because the input light 
is split between each of the output f toers. In the illustra- 
tive embodiment, there are two output fibers 24 and 26. 
Specifically, fiber 24 is referred to as a sensing fiber and is 
fiber 26 is referred to as a reference fiber. Both fibers 24 
and 26 are single-mode optic fibers similar, although not 
necessarily identical in construction, to the first optic f toer 
16. Additionally, all of the fibers 16, 24, and 26 are pref- : 
erably polarization preserving fibers, that is, fibers in 20 
which the polarization of the laser beam is preserved; 1 ^ < 
One particular configuration for the fibers 16, 24, and 26 ^ 
to achieve this polarization preserving characteristic will 
be discussed below in relation to FIG: 5a. - 

The sensing fiber 24 has a sensor element 30 situ- 25 
ated at its distal end. In the broadest sense, the sensor 
element 30 can be some type of sensing medium which 
is positioned adjacent the distal end of the sensing fiber 
24, and which reacts with an analyte in a known manner 
to effect a refractive index change in the sensing 30 
medium. Alternatively, the sensor element 30 can be an 
adjacent volume of a fluid having a refractive index which 
will change in a known -manner as the concentration of 
the analyte changes. In either case, this refractive index : 
change in the sensing medium or sensor element 30 can 35 
be detected by exposing the evanescent portion of the 
light beam to the sensing medium. The use of only the 
evanescent portion of the wave and its characteristics 
will be discussed below in the discussion related to Figs. 
2and3: v- ,.• ; - -.■,-.<•/; " ty' 40 

The reference f toer 26 has Preference element 32 
situated at its distal end. Both the reference fiber 26 and 
the sensing fiber 24 generally terminate with £rid face 
reflectors (not shown). which reverse' the direction of the 
beam carried within each fiber, and redirect the beams 1 45 
back toward the coupler 20. At coupler 20 the two return- 
ing beams are mixed, or more correctly superposed with 
respect to each other, so that a compiarisori of phase can - . 
be made. The phase relation is characterized by an inter- 
ference field generated by the autocorrelation of the two so 
returning beams. Since theiwo returning beams are con- 
fined in single mode fibers, there is no relative tilt T ; 
between the two beams, and the interference field gen- 
erated exhibits a Recombinant sfcxrt" rather than "parallel ; 
fringe" appearance. ; 0 ^ 1- - : 55 

A detector unit 36 is provided which is attached to A 
an output of the coupler 20 by optical fiber 34 which need 
not be polarization preserving.. The optical fiber 34 and 
detector unit 36 receive the recombined wave generated 



by the superposing of the sensing and reference beams 
at the coupler 20. The amplitude of the superposed wave 
detected by the detector unit 36 at any instant in time 
represents the relative phase between the sensing and 
reference beams, for a given polarization angle of each 
beam. If the optical pathlength travelled by one of the 
beams is smoothly altered by one-half wavelength, the 
relative phase between the two beams will move from 0 
to 2k radians in a sinusoidal fashion. This will cause a 
change in amplitude of the superposed wave detected 
by the detector unit 36 analogous to that which would be 
detected by orthogonally traversing the sinusoidal fringe 
field observed in tilted -wave interferograms. The half- 
wavelength repeat, period is due to the double-pass 
nature of Michelson interferometers. 

For completely coherent sensing and reference 
beams of equal power at identical polarization angles, 
"perfectly " destructive and constructive interference 
would occur with the resultant intensity of the super- 
posed wave moving between zero and the input intensity 
of the source as a function of the phase. Conventionally 
a visibility coefficient is used as a measure of the super- 
position efficiency or "pierfectness". The visibility coeffi- 
cient is unity for perfect constructive and destructive 
interference and reduces towards zero as the efficiency 
decreases. Any decrease in superposition efficiency is 
generally attributable to non-aligned polarization angles, 
unequal power, or coherence imbalance between the 
two beams. - 

The output beam carried on fiber 34 representing 
the optical superposition of the sensing and reference 
beams impinges upon detector 36 which develops an 
output electrical signal 38 proportional to the incoming 
optical intensity of the superposed beam at the detector: 
A change in the optical path length of one of the beams 
results in a change in the output 38 of the detector unit 
36 which is also a signal of sinusoidally varying value 
reflecting the half-wavelength phase relation of the inter- 
ferometer. As indicated previously, a change in optical 
path length is experienced by the sensing beam as a 
result of any change in the index of refraction of the sens- 
ing element 3Q. Thus, the change in refractive index, and 
consequently a measurement of the level or presence of 
an analyte can be obtained from the signal output 38: 

The Michelson interferometer design illustrated in 
FIG. 1 has advantages over other types of interferom- 
eters. First, having end face reflectors which reverse the 
direction of beam propagation and redirect it back 
towards the source permits the fiber ends to be situated 
in an analyte pool while the optoelectronic base unit (for 
example the laser diode 12 and detector 36) may be 
located at a remote site. This is in contrast to a Mach- 
Zehnder configuration, where the optical detectors must 
be situated at the distal ends of the fibers. Second,: 
because the light traverses the same length of f toer twice 
in the Michelson-type interferometer, the optical pathway 
is made twice as sensitive to perturbations as compared 
to the single-path design of the Mach-Zehnder interfer- 
ometer. Third, the entire length of fiber between the cou- 
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pier 20 and sensor element 30 or reference element 32, 
respectively, is or can be made interferometrically sensi- 
tive, allowing coiled-coil sensor designs exhibiting 
improved sensitivity compared to short Fabry-Perot mul- 
tiple-pass cavities of altenative design. Fourth, the inter- 5 
ference pattern generated by a Michelson configuration 
is a well-characterized sinusoid. Other types of interfer- 
ometer configurations result in more complex patterns 
which require more complex signal processing algo- 
rithms to be utilized to provide the desired measurement 

As indicated previously, it is possible to construct a 
sensor for use in the present invention in which a change 
in optical path length is achieved by a change in physical 
path length. For example; if an enzyme is attached to the 
fiber in one arm of a fiberoptic interferometer and the 
enzyme is permitted to convert substrate into product, 
the generally exothermic reaction will cause an elevation 
in local temperatuf e. This temperature increase will . 
cause the optical fiber to expand and thereby effect a 
physical path length change. This occurs, for example 
with the oxidation of free glucose to hydrogen peroxide 
and gluconic acid in the presence of glucose oxidase 
attached to the fiber. However, as can be understood 
from the previous discussion, an interferometric sensor 
which relies solely on physical path length change is lim- 
ited to detecting changes in physical properties such as 
pressure, temperature, and bending or tensile stress. A 
sensor based upon refractive index modulation is not lim- 
ited to strictly physical property changes in the surround- 
ing environment, but can also be applied to 
measurement of the concentration of a chemical species 
or analyte. Thus, any change in analyte level which 
results in a change in the refractive index of a sensing 
medium can be measured. 

A particularly advantageous design is an interfero- 
metric sensor based upon refractive index modulation 
utilizing the evanescent portion of the guided light wave. 
It is known that the evanescent portion of a singlemode . 
guided wave consists of a traveling .wave extending 
beyond the core/cladding boundary into the less dense 
medium propagating as a traveling wave in the longitu- 
dinal direction of the optical f iber. The evanescent portion 
has a Bessel-K or Mathieu function electric field ampli- 
tude asymptotically approaching zero within one or two 
wavelengths in the transverse direction. This is in con- 
trast to the discretized evanescent fields associated with 
step-index muttimode waveguides of the prior art where 
the evanescent intensity drops exponentially into the less 
dense medium at each cladding reflection and, except 
for the small, finite, Goos-Hanchen shift, does not prop-' 
agate as a traveling wave in the longitudinal direction. 

Access to the evanescent wave can be accom- 
plished without entry into the core of the optical fiber. 
FIG. 2 illustrates a section of a singlemode optic fiber 44 
which includes a outer cladding 46 and an inner core 48. 
An etched area 50 is illustrated where a majority of the 
cladding 46 has been etched away to leave only a small • 
layer of cladding surrounding the core 48. A single wave- 
front 52 of a light wave is shown schematically to illus- . 



trate the distribution across the. diameter of the fiber of 
the optical energy being transmitted by the fiber 44. 

FIG. 3 illustrates in greater detail a portion of the 
etched area 50 that is shown in FIG. 2. Specifically, FIG. 
3 illustrates schematically the distribution of the optical 
energy within the light wave 52. The portion of the energy 
outside of the core 48 is defined as the evanescent field, 
and is identified by the number 58. The guided field 60 
is the portion of the light wave contained within the core 
48. It is generally understood that about 30% of a optical 
energy flowing in a singlemode optical fiber is present in 
the evanescent field 58 while about 70% of the optical 
energy is contained in the guided field 60, dependent 
upon development of a stable guided mode, fiber numer- 
ical aperture, cutoff wavelength, and V-parameter. The 
evanescent field penetration depth can be controlled by 
a number of factors including wavelength, external 
refractive index, selective reflectance coatings, source 
power ; etc. 

As can be seen in Figs. 2 and 3, to have access to 
the evanescent wave portion of the light wave within the 
fiber .44, the fiber 44 must be etched to either expose the 
core itself, or etched to a point where the majority of the 
cladding has been removed such that the evanescent 
wave extends through the remaining cladding and is 
therefore accessible. With access to the evanescent por- 
tion 58, refractive index changes in the surrounding 
medium can affect the evanescent wave portion 58 of the 
light wave 52. With a refractive index change in the sur- 
rounding medium thus resulting in an optical path length 
change for the evanescent portion of the wave, the entire 
light wave 52 within the fiber 44 is affected thus creating 
a phase difference which can be measured by the sys- 
tem 10 illustrated in FIG. 1 Since refractive index has an 
intrinsic effect on optical path length, it is more sensitive 
and hence more reliably measurable by the system 10 
than indirect or extrinsic effects such as the thermal 
expansion discussed earlier in connection with the glu- 
cose oxidase sensor. 

FIG. 4 illustrates a typical intrinsic sensor configura- 
tion which can be utilized in the system 10 illustrated in 
FIG. 1 . Specifically, FIG. 4 illustrates a pressure sensor 
84 which, it will be understood, represents the sensor 
element 30 of FIG. 1 . The pressure sensor 84 includes 
a sensing element 88 which is attached to an end portion 
86 of the fiber 24. As can be seen in FIG. 4, a major por- 
tion of the cladding 90 around the end portion 86 of the 
ftoer has been removed by etching or other meanis, and 
the sensing element 88 has been placed in the area 
where the cladding 90 has been removed. It will be 
understood that a sufficient portion of the cladding 90 
has been removed to expose the evanescent wave com- 
ponent of the guided wave carried by the fiber 24. In the 
illustrative embodiment a photoelastic element 96 has 
been placed around the etched area to form the sensing 
element 88. A reflector 98 is positioned at the end of the 
core 92 to reflect the light beam back toward the coupler 
20. A filler 7 end 1 00 is provided to jarovide structural 
integrity to the pressure sensor 84, protect reflector 98, 
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and provide a smoothly varying cross-section for optimi- 
zation of hemodynamic flow parameters. 

Illustratively, the photoelastic element 96, composed 
for example of a material such as gallium phosphide 
(GaP), undergoes a propagation constant change upon s 
exposure to pressure. The evanescent portion of the 
wave carried by the fiber 24 penetrates into the pho- 
toelastic element 96 where it is subject to the intrinsic 
propagation constant of the material. In the absence of 
an applied pressure, the effective refractive index of the 10 
sensor portion 30 is determined by the integrated contri- 
butions of core index 92, residual cladding index 90 and > 
surrounding photoelastic element index 96. The sensing 
wave travelling in fiber 24 therefore assumes a stationary 
phase relative to the reference wave travelling in fiber 26. is 
Upon application of a pressure to the sensor, the pho- 
toelastic constant of the sensing material is modulated 
by an amount -proportional to the magnitude and direc- 
tion of the applied pressure. The integrated refractive 
index through which the sensing wave passes is there- 20 
fore altered, producing a corresponding change in the 
relative phase between : the . sensing and reference- 
waves: The change in phase relationship may be 
detected at unit 36 after mixing of the two waves at cou- 
pler 20 as discussed previously and the change in phase 25 
correlated to the applied pressure. 

The element 96 can also be selected to be gas per- 
meable toone or more gases of interest such as carbon 
dioxide, In a polymer, such as polyacrylamide, the bulk : 
refractive index may become a function of gas concen- 30 
tration or partial pressure. Ion-permeable membranes or 
membranes semi-permeable to selected species may be 
added to sensing element 96. Completely impermeable 
coatings, eg, metals, are preferred in the case of a tern- ; 
perature sensor, where element 96 would consist of a 35 
compound selected for high refractive-index variation 
with applied temperature, Specifically the element could - 
consist of one or more organic solvents such a dichlo- 
romethane, trichloroethylene, or tetrahydrofuran, which 
all possess reasonably high refractive index/temperature 40 
coefficients- y- y y . /- ■; ; \- r-;' : 

Various other chemical and biochemical reactions 
are known which cause.a^change in the bulk refractive f 
index of materials which can be used in the present 
invention. In general the wavelength of the Jight usjed in 45 
connection with any such sensor can t>e selected to lie . 
in the normal or anomalous dispersion spectral regions, 
but shpuld not be exaptly matched to absorbance peaks . . 
since the anomalous, dispersion coefficient: undergoes : r 
little change with absprption. coefficient at this wave- so 
length. The preferable operating wavelength is located » 
at the maximum rate of change , of chemicarafc>s<5rbance; , 
with wavelength, which generally occurs between about . -. 
1 and25ner©meteretoerth^ 
ancepeak. ,- . i-:,Mr> ;.;>■.*•.-;; ^ 

One problem associated wijb etching a f iber as illus?. u-r 
trated in FIGS; 2-4; is that vyherv the c.ladding46 fetched - 
awayJo reveal the core 48, the fiber loses substantially \ 
all of its strength, and is easily breakable. It will be under- -.>■; 



stood that the core 48 is extremely small in diameter, and 
has almost no strength when unsupported. Thus, etch- 
ing as illustrated in FIG. 2 is generally undesirable, par- 
ticularly where the etched fiber 44 will be used within a 
human body to measure the level of a body fluid compo- 
nent, etc. One way of obtaining access to the evanescent 
portion of the wave travelling within a fiber is to start with 
a D-shaped fiber as illustrated in FIG. 5a. 

Specifically, FIG. 5a illustrates a D-shaped fiber 64 
which includes a cladding layer 66, and an elfiptically 
shaped core 68. The fiber 64 has a flat side 70 which is 
closer to the core 68 than the opposite curved side 72. 
Because less cladding material 66 is present between 
the core 68 and the flat side 70, etching of the f toer 64 
in an etching bath, such as a hydrofluoric acid etching 
bath, results in an asymmetrical exposure of the core. 
The flat portion 70 etches down to the core 68, so as to 
permit exposing a portion of the evanescent portion of 
the guided wave, while the remainder of the fiber is not 
significantly weakened in this etching process. A D- 
shaped fiber is available from Andrew Corporation, 
Orland Park, Illinois, which is suitable for this application. : 

FIG. 5b illustrates the etching process, and specifi- 
cally illustrates an etching solution 74 contained in a non- 
ceramic container 76. Illustratively, the etching solution 
74 is a 10%-40% hydrofluoric acid solution. To perform 
the etching, a section of the D-shaped fiber 64 is 
immersed in the etching solution 74 for a period of time 
which can be between about 5 and 45 minutes, depend- 
ing on acid concentration, temperature, etc. This period 
of time is dictated by the time necessary to etch the clad- 
ding 66 away from the flat side 70 of the fiber 64 until a 
sufficient portion of the core 68 is exposed, or at least 
until the cladding 66 is removed until the desired evanes- 
cent portion of the guided wave can be accessed. 

One method of determining the proper amount of 
time for, keeping the fiber 64 in the etching solution 74 is : ; . 
to use the irrterferometric sensor system 10 illustrated in 
FIG. 1 as previously described. Thus, if the fiber 64 to be 
etched is utilized as the sensing fiber 24 of FIG. 1 , before 
the evanescent wave is exposed, the light beams in both 
of the fibers 24 and 26 will be at a fixed phase relation- ; 
ship. As soon as the evanescent wave portion is exposed 
by the etching process, the phase relationship will 
change. This change in phase relationship will be caused 
by the. evanescent wave portion being exposed to, and 
being affected by, a refractive index change created by . 
the etching solution 74. Thus, as soon as the change in 
phase relationship is identified, one can remove the fiber 
64 from the etching solution 74 and stop the etching proc- 
ess by immersion into a dilute alkali such as aqueous 
sodium bicarbonate followed by distilled water. The etch- 
ing process can be taken to any arbitrary depth in this 
manner, ensuring that the requisite portion of the eva- 
nescent wave has been exposed. . .. 

FIG. 5c illustrates an etched fiber 78 which has been 
etched; according to the procedure described above; ' 
Although FIG: 5c illustrates that the core 68 has been :; 
exposed, it will be understood that a small portion of the ' 
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cladding 66 can remain over the core 68 and still have 
the evanescent wave portion accessible. A sensor of a 
type previously discussed in connection with FIG. 4 can 
be added to the etched D-shaped fiber. Alternatively, 
after adcfition of a reflector 98, the etched D-shaped fiber 5 
can be merely immersed in an environment of interest 
which is expected to undergo changes in bulk index of 
refraction with the result that the changes can be directly 
detected by the exposed evanescent portion of the 
guided wave. 10 

Although the embodiments described above relate 
to a workable sensor system which can be utilized to 
measure the analyte concentration or level within the 
body, or in many other types of environments, there are 
certain problems associated with such a sensing sys- 15 
tern. One problem associated with single-mode ftoerop- 
tic interferometers is the extreme sensitivity to optical 
path length changes due to the transduction being 
accomplished by comparing the phase of two ultra-high 
frequency light beams. Various environmental effects 20 
can cause extraneous phase changes, including atmos- 
pheric pressure and temperature changes, optical con- 
nector movement, and undesired light source variations. 
These extraneous phase changes are collectively 
termed "phase noise". 25 

Most phase noise can be minimized by exposing 
both arms 24 and 26 of the interferometer shown in FIG. 
1 to the same environment. This can be accomplished 
by enveloping both arms 24 and 26, which preferably are 
of identical length, in a common sheath or covering, or 30 
by bonding the cladding of the two arms 24 and 26 
together. Further, all physical modifications carried out 
with respect to the sensing arm 24 should also be carried 
out with respect to the reference arm 26. This includes 
any chemical milling or etching to expose the evanescent 35 
portion of the guided wave which should be done to both 
arms. Both milled or etched portions should be encased 
in material of similar steady-state refractive index, with 
similar diffusion coefficients for the analyte of interest, 
temperature, refractive index coefficients, and so on. 40 
Only the material on the sensing arm 24 should be 
treated to possess the analyte-specific activity required 
to enhance the change in refractive index in the presence 
of the analyte. This generally ensures that both arms will 
be exposed to similar environmental effects such as 45 
pressure and temperature changes. v 

This does not eliminate the phase noise problems in 
environments where fiber bending can be expected, for 
example, in hospital bedside monitoring devices where 
the optical fibers connect the optoelectronic base unit to so 
the patient Bending of the fiber within the arms of an 
interferometer can cause phase noise large enough to 
obscure analyte-induced optical path length changes. 
Despite bonding or common sheath enveloping of the 
two arms, the fibers are susceptible to bending noise ss 
whenever the fibers are deformed. Under almost any 
bending stress, the bonded fibers necessarily expert- ' 
ence different strains since each fiber is located at a 
slightly different radial position with respect to-the center : 



of curvature of the bend. The different strains translate 
into different optical pathlength changes for each fiber 
under the same bending condition, leading to phase 
noise. It is impossible to effectively eliminate all mechan- 
ically-induced phase noise from a fiberoptic interferom- 
eter through mechanical conformation alone, even when 
the arms are coiled around one another or are formed 
as a co-extruded coaxial waveguide. 

One method of compensating for environmentally- 
induced phase noise is to use a multiplicity of illumination 
sources, each multiplexed onto the interferometer in 
order to effect a ratiometric measurement Demultiplex- 
ing the different waves after superposing them at coupler 
20 relies upon various different attributes of the waves 
themselves. The three primary attributes of an electro- 
magnetic wave are amplitude, frequency, and polariza- 
tion angle, with all other attributes (e.g^, wavelength, 
speed in a given medium, etc.) being derived in some 
sense ifrom the three primary attributes. Accordingly, one 
or a combination of waves multiplexed onto the interfer- 
ometer with one or more known attributes may be used 
in a ratiometric stabilization scheme, with demultiplexing 
effected via optical or el ectronic components . designed 
to extract one particular wave based upon the defining 
attribute of that wave. Any of the defining attributes of an 
electromagnetic wave can be used to selectively multi- 
plex and demultiplex the associated interferogram, sub- 
ject to the availability of an optoelectronic scheme or 
device capable of discriminating between the various 
multiplexed waves on the basis of that attribute. 

For example, two beams from two different sources 
each at a different frequency ("color", directly related to 
wavelength) can be brought together into the same inter- 
ferometer via source fiber 16. Both beams undergo 
reflection at the terminal reflectors 98 and recombine at 
coupler 20, as before, where interference occurs occurs 
at each frequency resulting in two overlaid, colinear inter- 
ferograrhs, each at the wavelength of the respective illu- 
mination source. Both colinear interferograms are then 
passed to detector unit 36 via f iber 34 ; If a wavelength- 
selective filter, having a passbahd nominally located at 
the center wavelength of one of the : two sources, is 
placed in front of detector unit 36, then the. detector is 
rendered sensitive only td the interferog*am derived from 
the associated source and not to the colinear interfero- 
gram. " { " '■:.'> ' !l 

The principle of superposition guarantees that 
mutual interference between the two colinear waves 
propagating in the interferometer cannot occur. Thus, 
placement of a wavelength-selective filter at the detector 
eliminates the contribution of the colinear interferogram 
artogetherJtf the f ilter passband is altered such thiat the 
second wavelength may propagate to the detector while 
the first is blocked, then the same situation pertains for 
the siecond interferogram. 

A workable ratiometric system may be obtained by 
splitting' fiber 34 as shown in FIG. 6 by coupler unit 42 
into fibers 33 and 35 illuminating separate detector units 
37 and' 36, respectively.! Trie detector units 36 and 37 
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incorporate a wavelength selective filter 41 and 43, 
respectively, designed to accept one wavelength but 
reject the other. Waves from two sources 12 and 13 are 
coupled to source fiber 1 6 by coupler unit 22 and by fib- 
ers 14 and 15, respectively. The waves from the two 
sources propagate through the system at different wave- 
lengths, causing interferograms to be developed at those 
wavelengths. Each detector 36 and 37, receiving only 
one of the two interferograms through the filters 41 and 
43, develops an electrical signal 38 and 39 indicative of 
the interferogram of one particular wavelength. Environ- 
mental phase noise affects both interferograms (ideally 
equally) whereas the sensor portion 30 can be con- 
structed so as to differentially affect only one of the inter- 
ferograms. The instantaneous ratio of both interference 
signals; results in recovery of the differential analyte- 
induced signal while the common-mode environmental 
phase noise Suppressed. Nearly exact suppression of , 
bending noise can be accomplished because the colin- 
ear waves now propagate in the same fiber core, guar- 
anteeing identical bend radius of curvature for each of : 
thetwo waves. f;; ^ ^? 

In practice, the phase sensitivity (i.e., change of 
phase for given optical pathlength change) is found to be 
linearly dependent on wavelength. The differential senr 
sitivity of one wavelength relative to the other is control- 
led in part by the evanescent penetration depth of that 
particular wave.; A deeply penetrating evanescent wave 
portion will give rise to a greater phase shift for a given 
refractive index change than will, a shallow evanescent 
wave portion. As indicated previously, evanescent wave 
penetration depth: can be controlled by a number of fac- 
tors, including, actual wavelength,, external index mis^ 
matching, selective reflectance coatings, source power, 
etc... .• ■ .. v. • ,•. .•„ • ..• . • 

FIG. 7 schematically illustrates an example of differ- 
ential evanescent penetration depth in a fiber, section 
150. The fiber section 150 includes a core 152 and clad- 
ding 1 54 : which; has been etched in an etched portion 
156. For illustrative purposes, a first^wavefront 160 is 
illustrated which has a shallow evanescent penetration 
depth, and a second wavefront 162 is illustrated which 
has a relatively deep .evanescent; penetration depth, ft 
will be understood that the second wave 162 would be 
utilized, as; the analyte wave, and. woujd experience 
greater phase shift for a given refractive index change 
than would the shallow penetrating wave front 160. 

A ratiometric system based upon two sources of dif- 
ferent wavelengths will not consistently produce perfect 
cancellation of environmental phase noise because of 
the different sensitivities conferred bythedifferent wave- 
lengths themselves, ft is therefore -preferable: to use- 
sources of the same wavelength in order to eliminate this 
error and rely on another attribute for discrimination. One 
means for discriminating between waves of the same 
wavelength is their ^larization . Two waves deriyedcfrom 
the same sourpernay.be multiplexed -onto and demultk ; 
plexed fromone interferometer if the polarization angle 
of each wave differs by a measurable amount, ancl rf that 



10 



f 20 



25 



30 



35 



40 



45 



50 



difference is maintained throughout the interferometric 
system. 

ft is known that the D-shaped fiber discussed previ- 
ously is capable of propagating fight aligned along both 
the major and minor axes of the core ellipse, ff light emit- 
ted from a single laser source is split into two beams 
which are polarized at 90° with respect to one another, 
the D-shaped fiber will propagate the two polarizations 
along the two orthogonal axes without allowing cross- 
polarization interference to occur. Even under highly 
adverse bending conditions, the mixing of the light prop- 
agating along such a fiber at these two orthogonal polar- 
izations is negligible. The separation tendency is so 
strong that the fiber itself will separate a single beam 
launched at a 45° orientation to either axis into equal, 
independently propagating, polarized components 
aligned with the major and minor axes. This eliminates 
the need for any separate device to create two orthogo- 
nally polarized input beams from the laser source. Two 
detector units may be used, as shown in FIG. 6. except 
that the filter elements 41 and 43 are now polarization 
sensitive rather than wavelength sensitive. Further* the 
wavelengths and wavelength-dependent environmental 
sensitivities of the two polarizations are identical. \ 

As before, the sensor portion 30 must be con- 
structed so as to differentially affect the two polarizations. 
This is easily accomplished as the evanescent penetra- 
tion depth of the polarization aligned with the minor axis 
is greater than that of the other polarization where the 
two polarizations are of equal power. Variation in the rel- 
ative power level of the two polarizations can be achieved 
by modifying the initial launch angle to be other than 45°. 
Thus the beam aligned with the minor axis is used to 
detect analyte-induced signals which are then measured 
by comparing the phase of the electrical signals 38 and 
39 representing the interferograms of the two orthogonal 
polarizations. Since the wavelengths of the two polariza* ; 
tions are identical/ the problem of different ratioing of 
wavelengths discussed previously is eliminated. 

Alternatively three illumination sources may be 
used, each at a different wavelength selected to com- 
pensate for the differing phase sensitivities at each wave- 
length. FIG. 8 illustrates diagrammatically an example of 
an interferometric system 1 10 which utilizes three differ- 
ent wavelengths derived: from three laser sources 1 12. 
114, and 116. In this embodiment, the first laser source 
112 produces fight of a first wavelength Xi, the second 
laser diode 114 produces light of a second wavelength; 
Aq, and the third laser diode 1 1 6 produces light of a third 
wavelength -X + . The three wavelengths,. X^-and.^v 
are routed through a fber optic coupler 126 and then 
through the coupler 20 into the sensing fiber 24 and the 
reference fiber 26. Although light at all three wavelengths 
^, and k+, ; is confined within the same single-mode 
fibers. 24.- 26, there is no interaction between the, three 
different wavelengths themselves because of the lack of . 
mutual coherence. ; ' - : r ^ 

Light at each wavelength is subject to stress? . 
induced phase shifting within the fibers 24, 26 due to 
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bending and other environmental factors. A fiberoptic 
coupler 128 is provided which can provide for a demul- 
tiplexing of the three wavelengths X„, \>, and X + , with the 
separate wavelengths then being directed to a first 
detector unit 1 32, a second detector unit 1 34, and a third 
detector unit 136, respectively. Demultiplexing may 
occur at the coupler 128 which itself may be a wave- 
length-division demultiplexer, or at detectors 132, 134, 
and 136, each of which can contain appropriate band- 
pass filters as discussed previously. Outputs. D 1( D 3 , and 
D 5 are then provided by the first, second, and third detec- 
tor units 1 32, 1 34, 1 36, respectively. A ratioing technique 
can then be utilized to compute a compensation factor 
for stress-induced disturbances within the fibers 24 and 
26. 

In order to effectively eliminate stress-induced errors 
including bending errors, all three wavelengths must be 
exposed to the noise-inducing path length changes such 
as by bending, but only one of the wavelengths will be 
exposed to the analyte-induced path length change. In 
general, attributes of the three wavelengths used in the 
method illustrated in FIG. 8 should be controlled such 
that the evanescent wave penetration depth of the cen- 
tral wavelength *V is greater than the amplitude of either 
of the other wavelengths, and X\ For instance, the 
polarization attribute of the central wavelength may be 
selected orthogonal to the other wavelengths, such that 
transmission of the central wavelength is constrained to 
the second major axis of the electrical polarization-pre- 
serving fiber core while the other two wavelengths prop- 
agate along the first axis. Also, to compute the 
compensation requires that all three wavelengths be 
equally spaced from each other, although no restriction 
is placed on the absolute value of the wavelength. A 
monitoring and autoconnection of the wavelengths can be 
achieved by positioning photodetectors 142, 144, and 
1 46 at the end of fiber 1 48. The photodetectors are cou- 
pled to at I east. source 1 14, through feedback control loop 
149, for ensuring that the proper wavelength relations of 
the three sources are maintained. 

Air of the various systems for dealing with phase 
noise assume that the source or sources emit light of 
Known, stable character. However, each apparatus 
shown in FIGS. 1 , 6, and 8 directs an interferogram back 
to the source as well as to the various detectors. The 
returning interferogram will enter the source or sources 
under arbitrary conditions of phase and amplitude 
depending upon external phase noise as well as analyte- 
induced phase modulation. In general, such arbitrary 
energy introduction into a laser source is known to desta- 
bilize the source causing mode-hopping, line broadening 
or narrowing, and large amplitude fluctuations. This is 
particularly true with narrowband sources, which are 
generally preferred in the present invention, where the 
total length of fiber travelled by the wave is much shorter 
than the longitudinal coherence length of the wave itself. 
In order to avoid this undesirable situation, some isola- 
tion means must be employed to protect the spectral 
integrity of the source. 



FIG. 9 illustrates an embodiment wherein the laser 
source 1 2 can be isolated from any returning power from 
the interferometric system of FIG. 1. In the preferred 
embodiment, the laser source 1 2 is a laser diode. To pre- 

5 vent the return of any portion of the reflected energy into 
the source, an isolator unit 170 consisting of a magneto- 
optic device 174 and polarizers 172 and 176 which 
together have the ability to transmit light with low loss in 
one direction, but effectively block light in the opposite 

10 direction. Extinction ratios of -30 dB to -70 dB are possi- 
ble with single or cascaded isolator units of this type. 
Thus, the laser source generally functions as though no 
light were returning from the interferometric system. 
Another method of isolating the laser diode source 

is from returning radiation is to utilize a pulsed laser or pro- 
' vide some means by which the energy is gated between 
the laser 12 and the input ffoer 16. In the embodiment 
shown in FIG. 1 0, the laser energy is gated between the 
laser 1 2 and the interferometer by a long length of single 

20 mode, polarization-preserving optica! fiber 1 82 acting as 
t a delay, element 180. The laser 12 is pulsed or gated 
such that, the laser returns to an "off" state before the 
laser energy has traversed the delay line and interferom- 
eter in both forward and reverse directions. The laser is 

25 therefore; rendered insensitive to the returning radiation, 
even though the returning energy impinges upon the ias- 
ing cavity of the diode 1 2. For a pulse length of 0. 1 micro- 
seconds, which is typical of conventional communication 
grade diodes, a delay, line length of about 10 meters 

30 would suffice to prevent back-reflection from entering the 
active diode. 

FIG. 1 1 shows an alternative method using an ultra- 
fast electro-optic modulator or switch 184. This type of 
modulator is generally composed of an implanted series 
35 of wave guides in lithium niobate or other electro-optic 
substrate. Picosecond switching times can be achieved 
by a modulator of this type which would allow the use of 
short delay line elements. An input fiber 16 having a 
length of a few centimeters could act as the delay ele- 
40 ment. Each of FIGS. .9-1 1 show a single, frequency sys- 
tem but it will be appreciated that a multiple frequency 
system could, be. constructed using any of the principles 
illustrated. Various means for isolating the source other 
than those discussed in connection with FIGS. 9-1.1 may 
45 also be apparent to those versed in the art. 

Another problem presented by sensor systems of 
the present invention, relates to the inherent bidirectional 
information flow occuring in Michelson interferometers. 
The interferogram produced by a narrow-band coherent 
so source such as a gas laser or laser diode is composed 
of a constant amplitude sinusoidal intensity variation as 
discussed previously. If this output is allowed to fall onto 
a single detector, only a scalar representation of the 
phase information may be derived, i.e. one value repre- 
ss senting the relative phase difference between the sens- 
ing and reference waves. It is necessary, to add a second 
detector to the system in order to derive a vector repreT 
sentation.of the. phase information, i.e., both relative 
phase difference and direction in which the phase is 
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changing. This allows measurement of, or differentiation 
between, variables which may increase or decrease from 
a steady state value. The second detector, while 
exposed to the same interferogram as the first, must be 
positioned 90 degrees apart in phase from the first detec- 5 
tor in order to properly derive the directional information. 
The 90 degree phase separation is generally termed a 
"quadrature" condition. However, so long as the two 
returning sensing and reference beams are confined in 
single mode fibers, the interference field generated 10 
exhibits a "recombinant spot" rather than "parallel fringe" 
appearance, and quadrature demodulation is not possi- 
ble. 

FIG. 12a illustrates one method of developing an 
interferogram from which directional information can be 15 
obtained. The returning sensing and reference beams 
are directed parallel to each other by two f bers 200 and " ; 
202 separated-generally by less than about 1 mm. The • 
returning coherent beams emitted from fibers 200 and 
202 combine in space to form a three dimensional inter- 20 
ference field in which detectors 204 and 206 can be posi-^ - 
tioned to detect 'the direction of phase change. For a 
sinusoidal interferogram With distance between fringes 
of 6 mm, a quadrature tonditiori corresponds to a detec- • 
tor spacing in the f rinjge field of n5/4, where n is an integer 25 
multiple 1 ; 2; .:.. While the width and spacing of the inter- : 
ference fringes carl be modified by varying the separa- 
tion and tilt between the ends of the fibers, the free-space 
mixing zone detracts somewhat from the accuracy of the 
information when the phase shifts aresmall, due toenvi- 30 
ronmental influences. 

Alternately; a > three*di mertsioriai interferogram can 
be generated by piositioriing: the two f toers 200 and 202 
so that the end-firing beams intersect at a partially 
reflecting mirrdr21 0 as Shown in FIG. 1 2b thereby devel- 35 
oping two Michelson interference fields A arid B. The 
detectors 204 and 206 can be positioned in either field 
to detect the direction bf phase change. In both rnethods 
the two detectors 1 are positioned with respect to each , 
other "and to the interference field so that they have a 40 
quadrature phase relations one another as detailed 
above: While only two detectofef are known, additional 
detectors can be included in the fields to improve the res- 
olution and accuracy of the measurements: It will also be 
appreciated that directional phase informatidncan be 45 
obtained from the source as well asrfromthe analyte, 

FIG: 13 shows at hybrid Michelson/Mach-Zehnder { ' 
interferometer 1 86 in which three^dimensionaf iriterfero- 
grams are employed to obtain the spectral signature of 
the source 12 as well as the return signal; In the illus- so 
trated apparatus, splitting of the signal from the source 
12 occurs at coupler 20, while enaction of both the 
source and return signals occurs at couplers 190 and 
192. In the case of a laserdiodesoiirce 12 ; the relative 
phase between the sensing and reference^waves prop- = 55 
agatirtg in the interferometer may be controlled by injec- : <■ 
tion current and temperature modulation: However,>si!iefr b 
modulation affects the spectral signature :of the source 
in a known and reproducible fashion. The spectral sig- ^ 



nature may be completely characterized by Fourier 
transformation of the quadrature-phase signals at out- 
puts M 3 and M 4 taken from the Mach-Zehnder interfer- 
ence field 194. This technique is similar to that used in 
Fourier transform infrared spectroscopy (FTIR) since the 
autocorrelation and spectral density functions are a Fou- 
rier transform pair as described by the Wiener-Khirrtch- 
ine theorem. Continuous information regarding the 
source spectrum is important when on-line interferomet- 
ric phase adjustment is necessary. 

In the reverse direction, waves propagating back 
towards the primary coupler 20, after reflection at sens- 
ing and reference portions 30, 32, are partially extracted 
by couplers 190 and 192 to form a second interference 
field 196 from which quadrature-phase signals M 1 and 
M 2 can be obtained. These waves have made a double- 
pass through the sensing and reference portions 30, 32 
and thus the' signals M 1 and M 2 reflect this double-pass 
situation. The signals Iv^ and M2 can be used for high- 
resolution directional demodulation with ratiometric 
means added to ttie system for environmental phase 
noise suppression as previously discussed. The remain- 
der of the' energy propagating back towards the source 
along the sensing and reference arms is 1 coherently 
mixed at coupler 20 and a primary "recombinant spot" 
Michelson interferogram formed at detector 36. This pri- 
mary interferogram can be used in concert with the direc- 
tional information described above to provide high 
resolution assessment of analyte-induced phase modu- 
lation. 

The entire interferometric system 10, other than the 
sensing and reference arms 24 and 26, can be fabricated 
using implanted waveguide technology, with laser diode 
sources, detectors, couplers, and other elements inte- 
grated onto the same substrate. This electro-optic "chip" 
would then be connected to the sensing and reference 
fibers, with the only other connections being those elec- 
trical inputs and outputs required by the; sources' and 
detectors/ Likewise, while only FIGS. 12 and 13 have 
illustrated a system in accordance with this invention 
using quadrature demodulation to determine the direct 
tion of sensed change in optical path length due to a 
change in refractive index, other systems can also use 
this same technique for obtaining this and other informa- 
tion. Additionally thequadrature demodulation described 
in connection with FIGS: 12 and 13 can be coupled with 
the triple wavelength phase noise reduction described in 
connection with FIG. 8 to isolate and accurately measure 
changes in analyte refractive index sensed by the eva- 
nescent portion of guided light travelling within the 
ffoerdptic system. : 

Although the invention has been described in detail 
with reference to certain preferred embodiments and 
specific examples, variations and modifications exist : 
within the scope arid spirit of the invention as described 
and as defined in the following claims: ■ { 
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Claims 

1 . A method of preparing an optical f toer for use in inter- 
ferometric systems comprising the steps of: 

s 

a) selecting a single-mode, polarization-pre- 
serving fiber having an asymmetric cladding; 

b) introducing a light of known character into the 
optical fiber and observing the light in the optical 10 
fiber; 

c) introducing a selected portion of the fiber into 
a medium capable of etching away the cladding; 
and is 

d) withdrawing the fiber from the medium after 
sensing an-optical interaction between the light 
introduced into the optical fiber and the medium. 

20 

2. The method of claim 1 further cbrrprising the step 
of providing one end of the fiber with a surface for 
reflecting light guided by the fiber. 

3. The method of claim 1 wherein step b) further com- 25 
prises the step of introducing the light of known char- 
acter into a second optical fiber. 

4. The method of claim 3 wherein step b) further com- 
prises the steps of: optically superposing the light in 30 
the two optical ffoers so as to develop an interfer- 
ence zone, and observing the zone so as to detect 
any change in phase due to an optical interaction 
between the light introduced into the optical fiber and 
the medium. 35 

5. The method of claim 1 wherein the withdrawing of 
the f toer from the medium in step d) is delayed from 
the initial sensing of optical interaction by a time suf- 
ficient to achieve optimum etching of the cladding 40 
from one side of the core of the fiber without mate- 
rially affecting the core itself. 

6. The method of claim 1 further comprising the step 

of enveloping said selected portion of the optical 45 
fiber in an envelope containing a material having a 
known index of refraction. £ 
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(54) Fiberoptic interferometric sensor 

(57) An optical f iber interferometric system includes 
a pair of single-mode, polarization-preserving fibers 
having distal and proximal ends. The cladding of a 
selected portion of one of the fibers having been 
removed to allow an evanescent portion of a light wave 
traveling within the fiber to interact with any medium sur- 
rounding the selected portion of the fiber. A light source 
for producing a light of known character is coupled to 
the proximal ends of the pair of optical fibers for intro- 
ducing a source signal to the pair of fibers. A reflector at 
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the distal ends of the optical fibers reflects the light from 
the distal ends back toward the light source. The return 
signals are used to construct an interferograrn which is 
observed to detect any modulation in the the phase of 
the light signals. The modulation is examined ratiometri- 
cally to derive a change in the index of refraction of the 
medium surrounding the selected portion substantially 
free of any environmentally induced phase noise. 
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